A new phenotypic group of Bifidobacterium strains, isolated from an anaerobic digester for the treatment of waste water from a bean-curd farm, was described previously. In this study, the DNA-DNA relatedness between strain 36 (type strain, AS 1.2282 T ) of this new group and the type strains of other described Bifidobacterium species was analysed. The low level of DNA homology (0-589 %) as well as comparison of the 16S rDNA sequences confirmed the distinct phylogenetic position of strain 36. In addition, the new species differed from other Bifidobacterium species in its phenotypic characteristics, such as its growth at moderately thermophilic conditions (495 SC) and at relatively low pH (40), as well as its sugar-fermentation pattern. On the basis of phenotypic, genetic and phylogenetic studies, a new Bifidobacterium species, Bifidobacterium thermacidophilum sp. nov., was designated.
INTRODUCTION
Since Bifidobacterium was first described by Tissier in 1899, 32 species have been assigned to this genus (Scardovi, 1986 ; Watabe et al., 1983 ; Crociani et al., 1996 ; Meile et al., 1997 ; Lauer, 1990) . The bacteria in this group were mainly isolated from the intestines of humans and animals. They were believed to be predominantly a constituent of the intestinal flora. Thus far, no Bifidobacterium strains have been found in clinical specimens, except for three species found in human dental caries. In recent years, these bacteria have been used as probiotics to suppress intestinal pathogens. In addition, bifidobacteria have also been found in other anoxic environments, such as sewage. Recently, Bifidobacterium lactis was isolated from fermented milk . Though some of the species of Bifidobacterium showed phenotypic and genetic heterogeneity (Chevalier et al., 1990) , the validity of most species was confirmed by 16S rRNA sequence homology analyses (LeblondBourget et al., 1996 ; Stackebrandt & Goebel, 1994) . The GenBank/EMBL/DDBJ accession number for the 16S rDNA sequence of strain 36 reported in this paper is AB016246. bacterium were demonstrated, by DNA-DNA relatedness determinations (Lauer & Kandler, 1983 , Stackebrandt & Goebel, 1994 , to be the well-established species.
In a previous study in our laboratory, 42 strains of bifidobacteria were isolated from human and animal faeces and from an anaerobic digester for the treatment of waste water from a bean-curd farm in Beijing (Ling et al., 1996) . The assignment of strains to the genus Bifidobacterium was done on the basis of the following diagnostic characteristics : they were Gram-positive, pleomorphic, irregular, non-spore-forming rods ; they showed anaerobic growth ; they were non-motile and catalase-negative ; and they produced acetic and lactic acid as the main products of glucose fermentation and did not produce gas. A total of six phenotypic clusters were defined from numerical analysis based on 75 features. Strains in cluster E, all of which were isolated from the waste water of the bean-curd farm, clustered distantly from other strains, with a quite low S M value ( 60 %). In addition, this group of strains could not be identified as one of the existing Bifidobacterium species according to the conventional classification. To clarify their taxonomic position, the DNA-DNA relatedness between one of the new isolates and existing members of the genus Bifidobacterium was determined. The results revealed a new species of the 01094 # 2000 IUMS X. Dong and others genus Bifidobacterium. Its phylogenetic relationship with other species was also analysed according to 16S rDNA sequence homologies.
METHODS
Bacterial strains. All of the bifidobacterial strains used in this study are listed in Table 1 . The reference strains were kindly provided by the Japan Collection of Microorganisms (JCM) and the German Collection of Microorganisms and Cell Cultures (DSMZ), respectively. The strains from our collection were isolated by the Hungate anaerobic roll-tube technique and were routinely grown in tryptone peptone yeast extract glucose (TPYG) medium (Scardovi, 1986 * DNA reassociation rates ( %) among the three strains of B. thermacidophilum refer to the determinations using three different batches of DNA. media were prepared in glass tubes sealed with butyl rubber stoppers and screw caps. The gas phase was N # . After inoculation, tubes were incubated at 37 mC. The cultures for the tests below were all cultivated anaerobically unless otherwise indicated.
Characterization of the strains. Fructose-6-phosphate phosphoketolase activity in cell extract was assayed as described previously (Scardovi, 1986) .
End products from glucose fermentation were detected by GC (GC-7AG ; Shimadzu). Bacterial strains were inoculated in TPYG media as well as in tryptone peptone yeast extract (TPY) media without glucose (as the control). After 48 h growth, the products were analysed. The acids produced during glucose fermentation and the ratio of acetic acid to Bifidobacterium thermacidophilum sp. nov. lactic acid were measured according to the methods described by Holdeman et al. (1977) .
The determination of sugar-fermentation patterns was achieved as follows. Sugars (final concentration 1 %) sterilized by filtration were added aseptically to the autoclaved TPY broth (pH 7n0-7n2) without substrate. The TPY\sugar broths were inoculated with the different strains and cultivated at 37 mC for 48 h or longer, and the decrease in the pH value was followed by using bromothymol blue (0n04 %) and methyl red (0n02 %) as pH indicators. The temperature profiles were determined using a water bath with a temperature gradient. Initial pH values and the NaCl concentrations of the media were obtained by adding HCl (0n2 M) and the required amount of NaCl to TPYG broth, respectively. Growth was measured using a spectrophotometer at a wavelength of 600 nm after cultivation at 37 mC for 24 h to 1 week. All of the tests were performed in duplicate.
DNA extraction. The chromosomal DNA was extracted using a modified version of the method of Marmur (1961) . As the cell walls of bifidobacteria were hard to lyse with lysozyme and SDS, 0n5 mg penicillin G ml − " culture was added to the cultures at late exponential phase to assist cell breakage. The cultures were incubated for another 16-20 h. To obtain higher yields of DNA, protease K (100 µg ml − ", 37 mC for 1n5-2 h) was used instead of phenol, to remove the contaminated protein.
Determination of GjC content of DNA and DNA relatedness analysis. The GjC content of the DNA was determined by thermal denaturation (Marmur & Doty, 1962) . The DNA from Escherichia coli K-12 was used as reference for thermal melting profile (T m ) determinations. DNA-DNA relatedness between the new isolates and all the reference strains was determined on the basis of the DNA-DNA liquid reassociation rate, as described by De Ley et al. (1970) . The purity and concentration of each DNA preparation in 0n1i SSC (saline sodium citrate buffer) were determined by measuring the optical density at 260 nm. The amount of DNA used to determine the reassociation rate was approximately 75-80 µg ml − ". After the DNA was sheared to approximately 2n5i10' Da by passage through a syringe with a narrow needle (No. 5), the preparation buffer was adjusted to 2i SSC to determine the DNA-DNA reassociation rate (vh). The determinations were all performed at 73 mC using a 752 Spectrophotometer with a thermometer controller (Shanghai 3rd Analytic Factory) and the renaturation was followed for 30 min. Normally, three batches of DNA per strain were used ; only vh values of 3n0i10 − $ min − " for self-renaturation were used for DNA-DNA relatedness analysis.
Amplification and cloning of 16S rDNA. Chromosomal DNA prepared as described above was used as the template for PCR amplification ; the two primers, 27f (5h-AGAGTTTG-ATCC\ATGGCTCAG-3h) and 1541R (5h-AAGGAGGT-GATCCAGCC-3h), were complementary to positions 8-27 and 1525-1541 of 16S rDNA, respectively. Each PCR mixture (50 µl) contained the following : approximately 300 ng DNA template ; 100 µmol each of dATP, dCTP, dGTP and dTTP ; 2n5 mM Mg# + ; 40 pmol each of the two primers ; and 2n5 U Taq DNA polymerase. The following thermal cycling conditions were used : initial denaturing of DNA template at 94 mC for 5 min followed by 30 cycles comprising (1) denaturation at 94 mC for 1 min, (2) annealing at 52 mC for 1 min and (3) elongation at 72 mC for 3 min. When the 30 cycles were complete, the reaction mixture was maintained at 72 mC for 2-3 h. The PCR amplification was performed with a Thermolyne Amplitron I (Barnstead Thermolyne Corporation). PCR products were purified by agarose gel electrophoresis and electroelution, as described previously (Sambrook et al., 1989) , and then ligated to a plasmid pSK-T vector as described by Harrison et al. (1994) . The recombinant plasmids with the 16S rDNA insertion were transformed into E. coli DH5α.
16S rDNA sequencing. Plasmid pSK-T containing the 16S rDNA fragment was extracted and purified by polyethylene glycol precipitation according to the method described previously (Sambrook et al., 1989) . Nucleotide sequencing was performed using the Sanger dideoxynucleotide chaintermination method. The complete 16S rDNA sequence was determined by using a Dye Terminator Cycle-sequencing Ready Reaction kit (Perkin Elmer). Sequencing was performed with Applied Biosystems 373A-18 equipment. The following oligonucleotides were used as the sequencing primers : the T7 promoter (5h-TAATACGACTCACTATA-GGG-3h), the T3 promoter (5h-ATTAACCCTCACTAAA-GGGA-3h), 704F (5h-GTAACGGTGGAATGTGTAGA3h) and 765R (5h-CCTGTTCGCTCCCCACGCTT-3h). The latter two were complementary to positions 685-704 and 765-784 of the 16S rDNA, respectively.
Analysis of sequence data and phylogenetic tree construction. The 16S rDNA sequence determined and those of the reference strains obtained from EMBL\GenBank\DDBJ were aligned by   software (version 1.5) and the similarities were calculated and converted to a distance matrix with the Jukes-Cantor coefficient by the  program (, version 3.5 ; Felsenstein, 1993) . A dendrogram was produced by the Fitch method (, version 3.5) and the topology of the trees was evaluated by bootstrap analysis of the sequence data with the  program ( version 3.5).
RESULTS AND DISCUSSION
The members of the new group of Bifidobacterium strains in this study produced acetic and lactic acid in a molar ratio of 2n46-2n72 : 1 during glucose fermentation. Cells contained fructose-6-phosphate phosphoketolase activities when growing in TPYG broth. Furthermore, their chromosomal DNA, when used as templates for a PCR reaction, as described by Kaufmann et al. (1997) , allowed a Bifidobacterium genus-specific 16S rDNA fragment (1n35 kb) to be amplified (data not shown). Thus, their membership of the genus Bifidobacterium was further confirmed by these analyses, as well as by the characteristics published previously (Ling et al., 1996) .
Morphology
Cells were pleomorphic, rod-, club-or ' V '-shaped when grown in TPYG media, and 0n5i1n5-2n5 µm in size in 24 h cultures (Fig. 1) . The cell wall showed typical Gram-positive staining. Although aggregated cell clumps were formed in liquid cultures, cells were readily dispersed by shaking. Colonies on TPYG agar were convex, entire, white and 2 mm in diameter after 24 h cultivation. 
Physiological features
The strains shared the common characteristics of Bifidobacterium species, except for the following features. All three strains grew in media with an initial Acid from :
Maximum temp. (mC) 48n5 4 9 n5 4 9 n5 4 7 n5 4 5 Minimum pH 4n0 4 n0 4 n0 4 n2 5n0 GjC content (mol %) 55n4 5 7 n7 5 8 n3 6 0 n0 6 0 n0 * From Scardovi et al. (1979) .
pH of 4n0 and at temperatures up to 48n5 mC (strains 36 and 37 even grew at 49n5 mC). Bifidobacterium thermophilum JCM1207 T grew quite poorly at 48n5 mC and did not grow at all at 49n5 mC. Bifidobacterium boum JCM 1211 T grew at an even lower temperature ( 45 mC) and at a more alkaline pH ( 5n0) (Scardovi et al., 1979) . All of the strains grew very well in a medium containing 2n0 % but not 2n5% (w\v) NaCl. Table 2 shows the carbohydrate fermentation by the three strains of the new species. Two out of the three strains did not ferment lactose but fermented some pentoses and oligo-or polysaccharides such as raffinose, melezitose and starch. These characteristics were rarely shared with most of the other Bifidobacterium species.
GjC content of the DNA
The GjC content of the DNA of the new species was determined to be 56n85p2n05 mol % and that of the type strain, AS 1.2282 T , was 57n7 mol %.
DNA-DNA relatedness
DNA-DNA relatedness was determined using DNA-DNA liquid reassociation rates. The levels of DNA-DNA relatedness among the new strains as well as those between the new species and all of the existing Bifidobacterium species are listed in Table 1 . The high DNA homologies (ranging from 87n0 to 108 %) within the new group indicated that they were a homogeneous genetic group, although strain 35 was a little distant. However, the levels of DNA relatedness between the new strain and all of the existing Bifidobacterium species ranged from 0 to 58n9 %. This is obviously lower than the species-defining border (70 % DNA homology), hence a new species of Bifidobacterium should be defined. The highest DNA reassociation value was measured between the new strain and B. thermophilum, indicating a closer relationship between these two strains. A possible explanation for this is their shared thermophilic characteristic.
To test the reliability of the liquid reassociation-rate method we used, DNA-DNA homologies between some of the reference strains were measured. Table 3 shows that the DNA-DNA reassociation rates obtained by us were in accordance with those obtained by membrane hybridization (Lauer & Kandler, 1983) .
Phylogenetic position of Bifidobacterium thermacidophilum sp. nov.
The complete 16S rDNA of Bifidobacterium thermacidophilum sp. nov. (1533 bp) was sequenced and compared with sequences from 20 type species of Bifidobacterium and that of the type strain of Gardnerella vaginalis. On the basis of the 16S rDNA sequences in a consensus length of 1438 bp, the similarity levels were analysed and a phylogenetic tree rooted with G. vaginalis was constructed (Fig. 2) . The results indicated that B. thermacidophilum was relatively close to B. thermophilum (92n70 % similarity), and both formed a distinct phylum relative to other Bifidobacterium species.
As the new species was related to B. thermophilum, both phylogenetically and genetically, some of their phenotypic characteristics were compared. According to Scardovi (1986) , B. thermophilum and B. boum were closely related, so the latter species was also included for comparison. new species also survived better in unfavourable environmental conditions such as elevated temperatures as high as 49n5 mC and low pH.
The phylogenetic analysis in this study showed unreasonably high similarities ( 97n7 %) between the 16S rRNA sequences of Bifidobacterium pseudolongum ATCC 25526 T and Bifidobacterium longum ATCC 15707 T and those of Bifidobacterium indicum ATCC 25912 T and Bifidobacterium infantis ATCC 15697 T , respectively. However, the two pairs of species were demonstrated to be distantly related by DNA-DNA relatedness (Lauer & Kandler, 1983) . A recent study (Miyake et al., 1998) indicated that the disparity between phylogenetic and DNA-DNA relatedness analyses of these strains was caused by the incorrectly
International Journal of Systematic and Evolutionary Microbiology 50

